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AT COLUMBIA UNIVERSITY 
Genes, Chromosomes, and the Origins of Modern Biology Eric R. Kandel 

The student o f  the humanities as well as the intelligent public looks at the history of human 
thought as a history of abstract ideas. . . . I t  is true that minds like those of Plato, Thomas 
Aquinas, Spinoza, Descartes, Hegel and Kant have exercised a strong influence upon the 
progress of thinking in all spheres, even upon the actual course of historical events. The sci- 
entist who looks beyond his specialized work is as fully aware of these historical facts as the 
humanist. But he is also aware that abstract thinking, remote from, and even antagonistic to 
the study of nature, leads easily into dogma, taboos and fettering of free thinking because it 
does not carry its own corrective, the recourse to factual evidence. The scientist, therefore, 
with all respect for the many facets of the human mind, is more impressed by the revolutions 
in thinking brought about by great factual discoveries, which by their very nature lead to 
generalizations which change at once the outlook of many, if not all, lines of thought. Such 
events are rare. In modern history three are most conspicuous: the explanation of the move- 
ments of the celestial bodies by Kepler, Copernicus and Newton; Galileo‘s experiments inau- 
gurating the age of inductive science, and Darwin‘s establishment of the theory of evolution 
on the basis of an overwhelming body of facts. All of them at once evoked the wrath of the 
vested interests of the mind; all conquered within a generation or two all fields of intellectual 
endeavor and changed the basic aspects of practically every science, natural or humanistic. 

. . . . the rise and development of genetics to mature age is another instance of an all- 
comprising and all-affecting generalization based upon an overwhelming body of integrated 
facts, . . . [and] will rank in the history of science with such other great events as mentioned, 
. . . The basic tenets of genetics have already influenced decisively all parts of biology after 
what has been only a short span in the history of science; and further that beyond this, many 
other fields of science have fallen under the spell and we have every reason to believe that 
genetics is bound to remain in a pivotal position in the future. 

-Richard B. Goldschmidt, The Impact of Genetics Upon Science (1950) 

When future historians turn to examine 
the major intellectual accomplishments 
of the twentieth century, they will 
undoubtedly give a special place to the 
extraordinary achievements in biology, 
achievements that have revolutionized our 
understanding of life’s processes and of dis- 
ease. Important intimations of what was to 
happen in biology were already apparent 
in the second half of the nineteenth cen- 
tury. Darwin had delineated the evolution 
of animal species, Mendel had discovered 
some basic rules about inheritance, and 
Weissman, ROUX, Driesch, de Vries, and 

other embryologists were beginning to 
decipher how an organism develops from a 
single cell. What was lacking at the end of 
the nineteenth century, however, was an 
overarching sense of how these bold 
advances were related to one another. 

The insight that unified these three 
fields-heredity, evolution, and develop- 
ment-and set biology on the course 
toward its current success came only at 
the beginning of the twentieth century. It 
derived from the discovery that the gene, 
localized to specific positions on the 
chromosome, was at  once the unit of 

Mendelian heredity, the driving force for 
Darwinian evolution, and the control 
switch for development. This remarkable 
discovery can be traced directly to one 
person and to one institution: Thomas 
Hunt Morgan and Columbia University. 
Much as Darwin’s insights into the evo- 
lution of animal species first gave coher- 
ence to nineteenth-century biology as a 
descriptive science, Morgan’s findings 
about genes and their location on chro- 
mosomes helped transform biology into 
an experimental science. 

Even more important,  Morgan’s 
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chromosomes (two X chromosomes in 
females, one X and one Y chromosome 
in males). The 100,000 genes in our 
genome are arranged along the chromo- 
somes in precise order, with each being 
uniquely identifiable by its location at a 
characteristic position (locus) on a spe- 
cific chromosome. The two copies of a 
gene at corresponding loci on each pair 
of chromosomes are known as alleles. 

The modern concepts of heredity and 
the existence of alternative (allelic) forms 
of genes had been discovered in 1865 by 
Gregor Mendel, a teacher and monk of 
the Augustinian monastery in Brno, then 
part of the Austro-Hungarian empire. 
Mendel carried out breeding experiments 
with plants, especially garden peas, and 
identified hereditary traits in them. These 
traits, later called factors, were found by 
Mendel to account for such features as 
whether peas were wrinkled or smooth 
and for the differences between domi- 
nant and recessive alleles; he did not 
know, however, where these traits were 
located or  what they were. Mendel's 
findings were published in the Pro- 
ceedings of the Natural Science Society 
o f  Brno in 1866, only to be ignored until 
the turn of the century. His work was 
rediscovered in 1900, just before 
Morgan arrived at Columbia. 

In taking up his own inquiries, 
Morgan turned from Mendel's plants to 
the study of animals, but soon found 
that the rats and mice he was using 
reproduced so slowly as to be impracti- 
cal for studying heredity. His search for a 
more suitable organism led him t o  
Drosophila rnelanogaster, known as the 
fruit fly because it feeds on decaying 
fruit. Drosophila is small, about 3 mm 
long, and easy to  raise in the labora- 
tory-a thousand can be collected in a 
one-quart glass milk bottle. Moreover, it 
is fertile all year long and very prolific, 
producing a new generation every twelve 
days, or thirty generations per year. Not 
only are male and female offspring easy 
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to distinguish, but embryonic develop- 
ment occurs outside the body, making it 
a simple matter to study the effects of 
mutations on development. Finally, 
Drosophila has only four pairs of chro- 
mosomes. 

Morgan began working seriously with 
Drosophila in 1907, with the intention 
of breeding many generations of flies, 
and perhaps producing one that looked 
different from the rest. In short, he 
hoped to find an occasional fly that had 
undergone a mutation, sudden change in 
body form, a phenomenon that had 
recently been discovered in plants by the 
Dutch biologist Hugo de Vries. But 
despite much effort and the breeding of 
successive generations, Morgan initially 
failed to detect a single mutation. “Two 
years work wasted,” he lamented to one 
visitor to his laboratory. “I have been 
breeding those flies for all that time and 
I’ve got nothing out of it.”(Harrison, 
R.G., “Embryology and Its Relations”) 

Year of Discovery 
But Morgan persisted, and in April 1910 
he suddenly had a breakthrough. In one of 
his bottles filled with Drosophila was a 
male fly with white eyes rather than the 
normal red eyes. Morgan realized the 
implications of this immediately; the birth 
of this single spontaneous mutant-this 
one male f ly with white eyes-allowed 
him to begin addressing some key questions 
in heredity: How did this white eye color 
originate? What determines eye color? 

As the next step, Morgan bred this 
white-eyed (mutant) male to a red-eyed 
(wild-type) virgin sister and found that 
white-colored eyes are inherited in a spe- 
cial way. In the first generation of brother- 
sister mating, labeled F1, there were only 
red-eyed offsprings, suggesting that red 
eye color is dominant and that white eye 
color is recessive. To prove this idea 
Morgan carried out brother-sister mat- 
ings with the next generation (F2) and 
found that the offspring followed the 

expected Mendelian ratio for a recessive 
trait: three red-eyed flies to every one 
white-eyed fly. With these experiments 
Morgan started a tradition, which con- 
tinues to this day, whereby he named the 
gene “white” by the result of its muta- 
tion. But then came a surprise. He had 
expected there would be an equal num- 
ber of males and females with white 
eyes, but it turned out that all the female 
flies had red eyes; only males had white 
eyes, and, even more, only some of them 
displayed the trait. Morgan realized that 
white eye color is not only recessive but 
is also linked in some way to sex. The 
subsequent appearance of two other 
spontaneous mutations (rudimentary 
wings and yellow body color) also linked 
to sex further suggested to Morgan that 
these three genes might be carried on the 
same chromosome and that this chromo- 
some is the sex chromosome. 

By 1910, it was already known that 
chromosomes occur in pairs and that 
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Drosophila had four pairs of chromo- 
somes. Several decades earlier, these 
thread-shaped structures had been seen 
under a microscope to be located in the 
nucleus, but nobody knew their function. 
Morgan later was to describe them in the 
following terms: “The egg o f  every 
species of animal or plant carries a defi- 
nite number of bodies called chromo- 
somes. The sperm carries the same num- 
ber. Consequently, when the sperm unites 
with the egg, the fertilized egg will con- 
tain the double number of chromosomes. 

, For each chromosome contributed by the 
sperm there is a corresponding chromo- 
some contributed by the egg, i.e., there 
are t w o  chromosomes of each kind, 
which together constitute a pair.” 

(Morgan, T.H. et al., The Mechanism of 
Mendelian Heredity) 

When Morgan turned to  examining 
the fruit fly’s chromosomes under the 
microscope, he immediately appreciated 
that not all four pairs of chromosomes 
were always identical. In particular, 
whereas female flies had two identical- 
looking X chromosomes, in the male the 
X chromosome was paired with a Y 
chromosome, which looks different and 
is never present in the female. 

Morgan deduced that a male must 
inherit the X chromosome from his 
mother and Y from his father, and he 
immediately spotted a correlation 
between these sex-linked chromosomes 
and the segregation of the factors deter- 
mining eye color. When the mother was 
homozygous and had two copies of the 
gene for red eyes, the male offspring 
invariably had red eyes, even if the father 
had white eyes. But when the mother had 
white eyes, the male offspring did too, 
even if the father’s eyes were red. In con- 
trast, a female fly gets one X chromo- 
some from each parent, and if one passed 
along an X chromosome with a gene for 
red eyes, the offspring had red eyes 
because the color is dominant over white. 
Only when both parents gave her an X 
chromosome with a gene for white eyes 

did she display the recessive trait. From 
these observations, Morgan concluded 
that the allele-producing eye color must 
lie on the X chromosome that governs 
sex. This provided the first correlation 
between a specific trait and a specific 
chromosome. 

Morgan’s initial paper on fruit flies, 
entitled “Sex Limited Inheritance in 
Drosophila,” was published in Science in 
July 1910. In this and in a subsequent 
paper published in Science in 1911, 
Morgan outlined his three major find- 
ings: (1) that genes must reside on chro- 
mosomes; (2) that each gene must reside 
on a particular chromosome; and (3)  
that the trait for eye color must reside on 
the sex chromosome, with the eye-color 
locus (or white gene) being missing on 
the Y chromosome and red being domi- 
nant on the X chromosome. 

These findings formed the heart of 
Morgan’s most important idea: the chro- 
mosomal theory of heredity. He pro- 
posed that each chromosome contains a 
collection of small units called genes 
(a  term he adopted from the Danish 
physiologist Wilhelm Johannsen who 
had lectured at Columbia in 1909), with 
different genes having specific locations 
along specific chromosomes. Once this 
idea formed in his mind, Morgan sensed 
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that the experimental power of the fly 
would allow him to understand heredity. 

A focus on chromosomes and their 
morphology was not what Morgan had 
in mind when he started to work on flies. 
In fact, until he saw the white-eyed 
mutant and appreciated that its defect 
acted as if it were part of the X chromo- 
some, he had been skeptical about  
Mendel’s theory of heredity and  
Mendel’s factors. Now that he had seen 
the possibility that these factors might 
have a physical reality as genes on chro- 
mosomes, Morgan began to view the 
Mendelian theory in a new light. 

A legacy of Accomplishment 
As early as 1911, Morgan had redirected 
his research in an attempt to provide addi- 
tional information about the chromosome 
theory of heredity, and before long he 
achieved another major conceptual break- 
through. Since chromosomes are contigu- 
ous assemblages of genes, those traits 
(mutations in some of the genes) mapping 
to one particular chromosome naturally 
tended to segregate together. But on occa- 
sion Morgan noted that these “linked” 
traits would separate, even while other 
traits on the same chromosome showed lit- 
tle or even no detectable linkage. 

From this evidence, Morgan inferred 
the process of chromosome recombina- 
tion: he postulated that the two paired 
chromosomes could “exchange” or 
“crossover” between each other, and he 
further proposed that the frequency of 
recombination is a function of the dis- 
tance between genes on the chromosome. 
The nearer two relevant genes lie on a 
chromosome, the greater their chance of 
being inherited together, while the farther 
away they are from each other, the more 
chance of their being separated by the 
process of crossing over. In short, 
Morgan suggested that the strength of 
linkage between genes depended on the 
distance between them on the chromo- 
some. (See the figure at right.) 

On the basis of these observations, 
Alfred Henry Sturtevant ’12C ’14GSAS, 
then an undergraduate a t  Columbia 
College, who was working with Morgan, 
recognized that the variations in the 
strength of linkage could be used as a 
means of mapping genes on chromo- 
somes by determining their relative spa- 
tial distances apart. As Sturtevant himself 
later recalled: “ I  suddenly realized that 
the variations in the strength of linkage 
already attributed by Morgan to differ- 
ence in the spatial separation of the gene 
offered the possibility of determining 
sequence in the linear dimensions of a 
chromosome. I went home and spent 
most of the night (to the neglect of my 
undergraduate homework) in producing 
the first chromosome map . .  . .” (Stur- 
tevant, A.H., Unpublished interview with 
G.E. Allen) The Morgan is now the unit 
of measurement of distances along all 
chromosomes in fly, mouse, and humans. 

A year after Morgan had spotted the 
white-eyed fly, Sturtevant drew up the 
first genetic map for the sex-linked genes. 
A sufficient number of mutations had by 
then been observed to allow him to 
express the strength of linkage in units of 
distance on a chromosome. In fact, the 
order and spacing tha t  Sturtevant 
worked out in 1911 are essentially those 

found on modern maps of the Droso- 
phila X chromosome. The profound 
insight that genes are aligned on the 
chromosome like beads on a string with 
specific distances between them eventually 
produced a conceptual basis for hunting 
for disease genes through linkage analy- 
sis and for mapping whole genomes, 
such as the human genome. All this was 
accomplished by a nineteen-year-old 
Columbia third-year undergraduate by 
simply skipping one night’s homework! 
Morgan, who was not given to overstate- 
ment, later was to call the realization 
that genes could be precisely mapped in 
relation to one another on the chromo- 
some as “one of the most amazing devel- 
opments in the history of biology.” 
(Shine, I. and Wrobel, S. ,  Thomas Hunt 
Morgan: Pioneer of Genetics) 

By correlating breeding results with 
cytological observations of chromosomes . 
under the microscope, Morgan’s group 
rapidly transformed the abstract idea of 
Mendel’s hypothetical factors into the 
physical reality of particular genes located 
at specific loci along the length of the 
chromosome. Initially their maps were 
quite abstract, since they were based only 
on the relative positions of genes to one 
another on the chromosome, as deter- 
mined by linkage analysis-the sort of 

’ 

A representation of chro- 
mosome recombination, i 
which paired chromosomes 
exchange or ‘kross over.” 
Where black and white 
rods cross in A, they fuse 
and unite as shown in D. 
Details of crossing over are 
shown in B and C. 
Morgan‘s intuition into this 
process was a step toward 
creating the first chromo- 
some map, achieved by his 
student A.H. Sturtevant. 



map now called a recombination map. 
But two decades later Calvin Bridges 
’12C ’16GSAS succeeded in developing a 
second independent map-a physical 
o&-showing the exact physical location 
of a gene on a chromosome. He accom- 
plished this by exploiting an unanticipated 
advantage of Drosophila, which in its lar- 
val stages has chromosomes in its salivary 
glands that Theophilus Painter discovered 
to be multistranded and gigantic, much 
larger than the chromosomes of the other 
cells of the body. These giant chromo- 
somes show a pattern of bands or stripes 
that divide each chromosome into physi- 
cal subregions, and Bridges was ultimately 
able to recognize 1,024 invariant bands 
on the X chromosome. The development 
of physical maps proved especially valu- 
able because they allowed a visual pre- 
sentation of the sequence of genes on the 
chromosome-a sequence that can only 
be inferred from the abstract recombina- 
tion map. 

By 1913 Sturtevant contributed yet 
another major breakthrough with his 
insight into the existence of different 
allelic forms, which he saw as alternative 
states (alleles) of the same gene at the 
same locus. Research on the white-eyed 
gene clearly revealed that a gene could 
mutate from one allele to another-from 
red to white. In some rare instances, a 
red allele was observed to mutate to a 
different allele, then to a third and even- 
tually a fourth, with each new allele cor- 
responding to a different eye color. But 
every time a gene gave rise to a new 
allele, the mutant form was perpetuated 
in the offspring and remained unchanged 
unless-again, in very rare cases- new 
mutation occurred in one of the off- 
spring. Thus, Morgan’s group was able to 
show that alleles are remarkably stable! 

The low frequency of spontaneous 
mutation and the perpetuation of muta- 
tions that did occur indicated that genetic 
material is constant. The observation 
was soon confirmed in many other 

organisms, from Drosophila to man and 
from bacteria to yeast, offering proof 
both of inheritance and of the capacity 
for mutation to allow for evolutionary 
change in spite of the general constancy of 
genetic material. 

These seminal findings were summa- 
rized in 1915 by Morgan and his three 
Columbia students, Sturtevant, Bridges, 
and Hermann J. Muller, in The Mechan- 
ism of Mendelian Heredity, a book that 
proved to be of historic importance. To 
begin with, it set forth the physical basis 
for the new science of genetics. On top 
of that, the experimental discipline out- 
lined in its pages provided the first exper- 
imental basis for a modern biology, 
transforming it from a descriptive science 
that relied heavily on morphology. Anat- 
omy, the queen of the biological sciences 
from the time of the Renaissance to the 
beginning of the twentieth century, was 
now replaced by genetics as biology itself 
emerged as an exact, rigorous, quantita- 
tive experimental science that could exist 
on an equal footing with physics and 
chemistry. 

In recognition of his work on chro- 
mosomes, Morgan was awarded the 
Nobel Prize in Physiology or Medicine in 
1933. He shared the prize money with 
Bridges and Sturtevant. The Nobel Prize 
recognized Morgan’s two fundamental 
scientific contributions: the development 
of the chromosome theory of heredity, a 
theory of the gene that proved to be the 
driving biological concept of the twenti- 
eth century, and the creation of a new 
biology based on a rigorous experimen- 
tal method. 

The Columbia Environment: 
The Fly Room 
Morgan also made a third contribution, a 
sociological one that helped introduce at 
Columbia and into American science as a 
whole a set of sweeping institutional 
changes. Until the start of the twentieth 
century, the leading American research 

universities-Harvard, Johns Hopkins, 
Columbia, and Chicago-had all been 
inspired by the model of the German 
research university, in which the Geheim- 
rat, the great scientific leadel; ordered the 
hierarchy of his subordinates. Morgan, 
however; based laboratory governance on 
democratic principles of merit rather than 
seniority. If one were to ask scientists 
around the world what is unique about 
America, they point to the university, and 
to this day foreign scientists are amazed 
that students working in a laboratory call 
professors by their first names. 

Morgan surrounded himself with a 
brilliant group of undergraduate and 
graduate students. Together they set up 
the Drosophila laboratory in Schermer- 
horn Hall, Room 613, known world- 
wide as the Fly Room. In retrospect, the 
Fly Room seems surprisingly small, mea- 
suring only 16 x 23 feet and containing 
eight desks. Yet, it housed a stream of 
Columbia students as well as foreign vis- 
itors and soon received wide recognition, 
not only for the remarkable quality and 
clarity of its science but also for the 
democratic nature of its social interac- 
tion. Morgan encouraged the free 
exchange of ideas in an atmosphere that 
was at once friendly, yet self-critical. 

The atmosphere in the Fly Room was 
described by Sturtevant, one of the 
youngest in the group. He wrote: 

“This group worked as a unit. Each 
carried on his own experiments, but each 
knew exactly what  the others were 
doing, and each new result was freely 
discussed. There was little attention paid 
to priority or to the source of new ideas 
or new interpretations. What mattered 
was to get ahead with the work. There 
was much to be done; there were many 
new ideas to be tested, and many new 
experimental techniques to be developed. 
There can have been few times and 
places in scientific laboratories with such 
an atmosphere of excitement and with 
such a record of sustained enthusiasm. 
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Prize: Muller, Beadle, Lederberg, and 
Lewis. Another student, Dobzhansky, 
went on to place evolution into a mod- 
ern biological context. Impelled by their 
achievements, the center of influence in 
biology shifted from Europe to the 
United States, making the twentieth cen- 
tury an American Century in biology. 

At the same time, the open, critical, 
yet fully democratic and egalitarian 
atmosphere that was evident in the Fly 
Room soon came to characterize the 
distinctively American atmosphere of 
university research-an especially signif- 
icant development as American graduate 
education increasingly became the 
model for graduate education through- 
out the world. 

I have benefited from the comments on 
this essay by  Garland Allen, Norman . 
Horowitz, Tom Jessell, Joshua Lederberg, 
E.B. Lewis, Robert Merton ’85HON, Gary 
Struhl, Andrew Tomlinson, and Harriet 
Zuckerman ’65GSAS. 

This was due in part to Morgan’s own 
attitude, compounded with enthusiasm 
combined with a strong critical sense, 
generosity, open-mindedness, and a 
remarkable sense of humor.” (Sturtevant, 
A.H., Thomas Hunt Morgan: Biograph- 
ical Memoirs) 

Although this idyllic view was not 
shared by all,* the Fly Room neverthe- 
less characterized science at its best and 
continues to provide a prototype for how 

research should be done, at Columbia 
and elsewhere. In terms of the work con- 
ducted there, the science that began at 
Columbia spread to laboratories all over 
the world as Morgan, the members of his 
group, and the scientists they trained 
helped to shape the course of biology 
during the decades that followed. Of the 
people who worked with Morgan directly 
or who worked with one of his students, 
five went on to win their own Nobel 

* As pointed out by Harriet Zuckerman, this view was not shared by Muller, who stood further away 
from the group than the rest and thought that his own contributions had not been fully recognized: 
see Zuckerman, 1977, pp. 141-143; see also Allen, 1978, pp. 201-208. 
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